Developing stable and efficient bifunctional catalysts for overall water splitting into hydrogen and oxygen is a critical step in the realization of several clean-energy technologies. Here we report a robust and highly active electrocatalyst that is constructed by deposition of the ternary metal phosphide FeMnP onto graphene-protected nickel foam by metal-organic chemical vapor deposition from a single source precursor. FeMnP exhibits high electrocatalytic activity toward both the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER).
Introduction
The electrolysis of water into hydrogen fuel and oxygen offers a convenient route to store intermittent solar and wind energy chemically and an ideal solution for channelling off-peak power production and minimizing energy losses incurred in power transmission from often remote locations [1] . The utilization of active, stable electrocatalysts with lower overpotentials will increase efficiency and stability and enable commercialization [2, 3] . Over the past several decades, tremendous progress has been made in the development of highly active catalysts composed of earth-abundant elements including transition metal phosphides (TMPs) [4] [5] [6] , carbides [7] [8] [9] , nitrides [10] [11] [12] , and chalcogenides [13] [14] [15] as well as carbon-based nanomaterials [16] [17] [18] for OER and HER. Catalysts active for both reactions in the same electrolyte are preferred for practical applications. However, the vast majority of existing catalysts are unsuitable for use in the same electrolyte due to the mismatch of pH ranges in which the electrocatalysts are both stable and sufficiently active.
Since the first report of the TMP Ni2P as an electrocatalyst for water splitting in 2013 [19] , TMPs have emerged as premier electrocatalysts for OER [20, 21] , HER [4, 19, 22, 23] , and in some cases overall water splitting [24] [25] [26] . For the TMPs that are capable of overall water splitting, their bifunctionality arises from the respective TMP's ability to catalyse the HER and serve as a precatalyst for the OER [27] . The current preparation methods for TMPs can be grouped into four main routes: thermal phosphidation of films [28] or nanostructured/bulk alloys [20, 26] , electrochemical deposition [29] , metallurgical synthesis [30] , and solvothermal methods [22, 23] .
However, these methods require harsh conditions with toxic gaseous chemicals, and offer little control over the metal-phosphorus stoichiometry, phase purity, and conductivity. For example, while (Co0.52Fe0.48)2P can be used as both anode and cathode to achieve a low cell voltage of 1.53 V, the material fabrication process, which involves a combination of arc-melting Co2P, Co and Fe followed by selective electrochemical etching [26] , is not suitable for scaled-up production. As TMPs are known to oxidize rapidly to highly active metal oxyhydroxides at their surface upon OER operation, it is therefore important to retain a conductive TMP core for fast charge transport, a structural feature which is highly dependent on the fabrication method. With several examples of bifunctional TMPs, there is now an impetus for the development of new strategies to fabricate these high performance materials.
The deposition of the TMP by metal-organic chemical vapor deposition (MOCVD) holds promise as a scalable methodology by which binder-free electrodes can be fabricated. Recently, it has been demonstrated that mixed-metal carbonyl complexes can serve as volatile, stoichiometry-controlled single-source precursors (SSPs) for MOCVD at mild temperatures [31] [32] [33] . With this method, binary and ternary TMPs can be prepared by tailoring the metal elements in a single volatile precursor or by simply blending isolobal organometallic compound precursors. Recently, the SSP-MOCVD method was used to grow FeMnP on TiO2-nanorod arrays for photoelectrochemical OER, and it was found that the TiO2/FeMnP core/shell structure remained stable at the theoretical photocurrent density of TiO2 [34, 35] . In the present work, we used the SSP-MOCVD to grow nanostructured ternary FeMnP from the volatile precursor FeMn(CO)8(µ-PH2) [36] onto nickel foam (NF) and graphene-protected nickel foam (GNF), and demonstrated FeMnP as a bifunctional catalyst for efficient and stable overall water splitting. Here, the SSP-MOCVD for the synthesis of a TMP on a conductive substrate is presented as an effective route to meeting the necessity of stable, high surface area structures with metallic cores for catalysis.
Results and discussion
The organometallic precursor FeMn(CO)8(µ-PH2) was synthesized and used as the single-source precursor for the deposition of FeMnP nanoplatelets on both nickel foam (NF) and graphene-coated nickel foam (GNF) using a homemade MOCVD setup (Fig. S1 ) [32, 36] . The high quality of the CVD grown GNF was confirmed by the negligible D band in its Raman spectra, as shown in Fig. S2 . The 2D to G ratios show the coexistence of monolayer graphene and multilayer graphene on nickel foam [37, 38] . The morphologies of FeMnP on NF and GNF were observed with scanning electron microscopy (SEM). Before the deposition, they both possessed smooth surfaces (Fig. S3) . SEM images at lower magnification show that both the NF and GNF were uniformly covered by FeMnP nanoplatelets with a film thickness of about 5 µm (Fig. S4) . Closer observation at higher magnification shows that FeMnP on NF and GNF have similar platelet-like structures with thicknesses of about 50 nm ( (002) planes, further confirming the hexagonal phase of FeMnP. Figure 1E shows the crystal structure of FeMnP in polyhedral view. FeMnP produced using FeMn(CO)8(µ-PH2) has been shown to be in a hexagonal 6 ̅ 2 space group with the metals occupationally disordered over two sites [32] .
The elemental composition was investigated by TEM energy dispersive spectroscopy (TEM-EDS) shown in Fig. 2A . The EDS spectrum (Fig. 2B) shows the K line signals of Fe, Mn and P. The image taken under secondary electron imaging (SEI) mode confirmed the uniform nanoplatelet structure of FeMnP (Fig. S6 ). The Fe, Mn and P atoms were homogeneously distributed across the whole FeMnP nanoplatelet. Using wavelength-dispersive X-ray spectroscopy (WDS), it was found that the atomic ratio of Fe:Mn:P was 1:1.14:1.05, which is very close to the atomic ratio of 1:1:1 of Fe:Mn:P in the precursor compound. Trace amounts of oxygen and Ni were also detected and originated from the surface oxide and nickel foam substrate, respectively. The chemical states of the as-deposited FeMnP were examined by sputtering assisted X-ray photoelectron spectroscopy (XPS) (Fig. 2C ). Before sputtering, the strong peak in Fe 2p3/2 spectra at 706.9 eV indicates that the surface Fe was metallic [41] . After 3 min and 6 min of sputtering, the Fe remained metallic.
The surface Mn appears to be divalent given the peak at 641.9 eV in its 2p3/2 spectrum [42] ; broadening of its Mn 2p3/2 peak can be observed coupled to a shift of the binding energy toward 638.7 eV after 3 min or 6 min of sputtering, implying the presence of metallic Mn. Surface P shows two broad peaks at 129.5 eV and 133.4 eV in its 2p spectrum, which are assigned to the phosphide and oxidized phosphorous components, [43] respectively. The latter is probably because of slight surface oxidation. After 3 min to 6 min of sputtering, the peak at 133.4 eV disappeared and a doublet peak appeared at 129.4 eV and 130.2 eV, which is indexed to phosphide P. This suggests that all the P is in its phosphidic state below the surface. The atomic ratio of Fe: Mn: P from XPS analysis is 1:1:1, consistent with the results of WDS measurements. [29] , and Ni2P (290 mV and 59 mV dec -1 ) [21] , and other reported active OER electrocatalysts in Table S1 . There is an observed enhancement compared to previous electrodes with FeMnP thin films on fluorine-doped tin oxide (FTO), which delivered an impressive overpotential of 300 mV with a Tafel slope of 65 mV dec -1 despite the high resistivity of FTO [35] . Notably, nanoparticles of Fe1.1Mn0.9P were recently found to require an overpotential of 440 mV for 10 mA cm -2 which is markedly higher than the results presented here with a 1 Besides the outstanding OER activity, the FeMnP/NF and FeMnP/GNF electrodes are also highly active towards HER in acid. Fig. 3C Table S2 .
Notably, the exchange current density increased from 0.14 mA cm -2 for FeMnP/NF to To assess the electrode for practical use, the OER stability was evaluated by cycling the FeMnP/NF and FeMnP/GNF electrodes in 0.1 M KOH for 1000 cycles at 100 mV s -1 , as shown in Fig. 4A . It is noted that there is an obvious oxidation peak between 1.3 V and 1.4 V for FeMnP/GNF, which can be assigned to the Ni oxidation [54] .
This phenomena is common in many OER electrodes using Nickel foam the substrate [54, 55] . Upon cycling, the overpotential for the FeMnP/NF electrode to reach an anodic current density of 20 mA cm -2 decreased from the initial 320 mV (1 st cycle) to 300 mV (the 1000 th cycle), indicating an improvement of the OER catalytic activity.
A similar increase was also observed for the FeMnP/GNF electrode with the overpotential at 20 mA cm -2 decreasing from 240 mV to 220 mV. The HER stability was conducted by cycling the FeMnP/NF and FeMnP/GNF electrodes in 0.5 M H2SO4 over 1000 cycles at 100 mV s -1 (Fig. 4B ). For the FeMnP/NF electrode, the HER performance shows a slight decay with the overpotential at 20 mA cm -2 increasing from the initial 150 mV to 168 mV. However, for the FeMnP/GNF electrode, the profile of the polarization curve at the 1 st cycle was the same as that at the 1000 th cycle, indicating optimal HER stability.
Our results for the HER and OER half reactions suggest that FeMnP could be an active and stable electrocatalyst for overall water splitting. We assessed its overall water splitting activity in 0.1 M KOH solution by pairing two FeMnP/NF electrodes or two FeMnP/GNF electrodes. The cell voltage for FeMnP/NF was 1.60 V to reach 10 mA cm -2 current density, while a lower cell voltage of 1.55 V at 10 mA cm -2 was obtained by using two FeMnP/GNF electrodes (Fig. 4C) . The cell voltage of FeMnP/GNF is better than or comparable to previously reported bifunctional electrocatalysts, such as NiCo2S4 (1.63 V) [56] , Ni2P (1.63 V) [21] , NiCoP (1.64 V) [46] , NiCo2O4 (1.65 V) [57] , and those bifunctional electrocatalysts in Table S3 . Both the FeMnP/NF and FeMnP/GNF electrodes show extraordinary long-term stability for overall water splitting in base. The current density of the FeMnP/NF electrode at 1.60 V shows no decay (Fig. 4D) . For the FeMnP/GNF electrode, at the same cell voltage of 1.60 V after 75 hours of testing, the current density slightly decreased from initial 27.5 mA cm -2 to 25 mA cm -2 . The polarization curve over 75 hours testing was almost identical to the initially obtained curve (Fig. 4C ). Fig. S7 shows that the produced O2 and H2 amounts measured by gas chromatography (GC) match the theoretically calculated amounts of O2 and H2 during the overall water splitting over two FeMnP/NF or two FeMnP/GNF electrodes. The molar ratio of H2 to O2 is close to 2, suggesting almost 100% of the Faradaic efficiency for both FeMnP/NF and FeMnP/GNF.
A good electrocatalyst with high activity is defined by high electrical conductivity and a large electrochemically active surface area (ECSA). The Nyquist plots for the electrodes in Figure S8 show that the ohmic resistance decreased after nickel foam was coated by CVD grown multilayer graphene coupled with a decrease in the charge transfer resistance for both the OER and HER. Graphene has high electrical conductivity and surface area, is very stable in acid and strong base, and can also protect the surface of the nickel foam from oxidation. It is suggested that graphene with its superior electron pathway provides a strongly coupled interface between the active phase and current collector. [58, 59] We further compared the ECSA of FeMnP/NF and FeMnP/GNF, which was estimated from the double-layer capacitance (Cdl) ( Figure S9 ). The FeMnP/GNF is calculated to have an ECSA of 71 mF cm -2 , about 20% higher than the ECSA of 57 mF cm -2 of FeMnP/NF, and both of them are much higher than that of bare NF of 1.4 mF cm -2 . The greater ECSA after FeMnP deposition on NF contributes to the high activity of FeMnP.
We conducted a chronoamperometry measurement of the FeMnP/NF at an overpotential of 300 mV in 0.1 M KOH for OER (Fig. S10) that showed a stable current density over 20 hours, after which the OER electrode was analysed by WDS and sputtering assisted XPS. The images of the OER electrode taken under SEI mode show the phase homogeneity of the tested FeMnP which retained the nanoplatelet morphology ( Fig. S11) , while the images taken under backscattered electron emission (BSE) mode show the phase uniformity of the tested FeMnP. Further composition analysis by WDS confirmed the presence of Fe, Mn and P with an atomic ratio of 1:1.14:0.9 ( Fig. S12) , which is similar to the values found before catalysis (1 : 1.14 :
1.05). XPS analysis (Fig. S13 ) of the OER tested electrode indicated slight surface oxidation given the binding energies of surface Fe and Mn were 710.9 eV and 641.9
eV, corresponding to the FeOx [60] and MnOx [42] . Furthermore, P was not detected at the surface. While the lack of phosphorus appears to disagree with the results of the WDS analysis, the difference can be accounted for by comparing the two techniques.
WDS samples a much wider and deeper cross-section of sample (1 µm 3 ) whereas XPS is limited to the upper 10 nm. Thus, FeMnP persists under the oxidized surface. This is consistent with the result of our previous work [35] . The binding energy at 530.0 eV in O 1s spectra also confirmed the existence of FeOx and MnOx [42, 60] . We then used sputtering to remove the surface species and conducted XPS analysis. Fe, Mn and P were still in their zero-valence states below the surface. Therefore, it is concluded that over the course of the OER testing, the surface of FeMnP was oxidized to form active sites with the pristine underlying metallic FeMnP layer providing a highly conductive electron pathway, a configuration responsible for the high stability and performance of the FeMnP catalyst. Sputter assisted XPS analysis was also used to analyze the FeMnP/NF electrode after a long-term HER stability test in acid ( Fig.   S10 and S14).
To elucidate the underlying fundamental properties of FeMnP for high HER activity,
we performed a series of DFT calculations as summarized in A necessary, but not sufficient, criterion for optimal HER performance is a differential Gibbs free binding energy for hydrogen, , close to zero. This criterion can be rationalized in terms of the Sabatier principle and the competing hydrogen binding requirements for facile proton adsorption via the Volmer step and rapid H2 evolution by either the Tafel or Heyrovsky reaction [62] . Fig. 5E shows as a function of coverage θ on the (100) and (001)-Mn facets. The preferred hydrogen adsorption site is between a Fe-Fe bridge site and a Mn atom on the (100) facet depicted in Fig. 5A , and threefold Mn sites on the (001) facet (Fig. 5C ). With increasing hydrogen coverage up to 1 ML hydrogen atoms continue to occupy their preferred adsorption sites, and small repulsive interactions contribute to gradually weaker binding. Above 1 ML the differential on both surfaces changes from exergonic to endergonic, which corresponds to the expected surface coverage under electrocatalytic operating conditions.
For the (001)-Mn facet (blue) at 1 ML coverage we obtain the smallest magnitude of = -0.24 eV, which indicates overbinding. Under these conditions, a subsequent hydrogen adsorption at 9/8 ML is highly unstable and requires +0.63 eV. This behaviour is reminiscent of pure Fe2P and corresponds to the occupation of an unfavourable binding site near a Mn atom, which also causes a small displacement of two H atoms in the preferred threefold Mn site (Fig. 5D ). In contrast, hydrogen binding to the (100) facet (red) is almost thermoneutral with = 0.06 eV at 7/6 ML coverage. In this case, hydrogen adsorbs between a Mn-Mn bridge site and an Fe atom, while forcing two other hydrogen atoms onto Fe-Fe bridge positions (Fig. 5B) .
Furthermore, of the (100) facet shows a weak coverage-dependence and remains less than 0.23 eV up to 2 ML. This behaviour suggests a good tolerance to coverage variations and the possibility of favourable entropy contributions stemming from a large number of surface configurations that hydrogen atoms can assume in the shallow binding energy potential. Overall, the hydrogen binding characteristics of the FeMnP (100) surface fulfill the necessary requirement for efficient hydrogen evolution at its optimal coverage and further suggest that the favourable characteristics extend to even higher coverage. We note that the relevant hydrogen binding sites on FeMnP (100) are comprised of mixed Fe and Mn atoms, which points to a synergistic effect between these constituents and is fully consistent with the electrocatalytic characterization results in this work.
Conclusions
FeMnP was grown on NF and GNF by a facile MOCVD method in which the stoichiometry was controlled by use of an atomically precise single-source 
Deposition of FeMnP
FeMnP was deposited onto the surface of bare nickel foam and graphene protected nickel foam. Before the deposition, the nickel foam was also cleaned with the same procedure used in the growth of graphene. The organometallic precursor FeMn(CO)8(μ-PH2) was synthesized according to a previous report [36] , and used as the precursor for the deposition of FeMnP with a home-built metal-organic chemical vapor deposition (MOCVD) apparatus (Fig. S1 ) [31] . Before use, samples were cut into the fixed size and then wired using copper wire with silver paste. Epoxy was used to cover the silver paste and the sample with FeMnP/NF or FeMnP/GNF were analyzed using a gas chromatograph (GC) equipped with a thermal conduction detector (TCD) with Ar as the carrier gas, which was calibrated with highly pure H2 and O2 in advance, respectively. The overall water splitting was conducted at the cell voltage of 1.6 V in 0.1 M KOH which was degassed for 1 h in advance. The Faradaic efficiency was determined by comparing the amount of experimentally produced H2 and O2 during water electrolysis to the amount of theoretically calculated H2 and O2.
